The wettability of Sn9mass%Zn and Sn3mass%Ag0.5mass%Cu eutectic alloys and the new lead-free alloys Sn17mass%Bi 0.5mass%Cu and Sn30mass%Bi0.5mass%Cu on a Cu substrate has been investigated by the sessile drop method in Ar atmosphere as a function of time and temperature. The wetting time for SnBiCu alloys is much longer than that for Sn3mass%Ag0.5mass%Cu eutectic alloy at their liquidus or eutectic temperature. However, the Sn9mass%Zn alloy has poor wettability on a Cu substrate since Zn may be oxidized to ZnO, resulting in ZnO covering the surface of the droplet. The contact angles of the ternary alloys on a Cu substrate do not decrease monotonically with increasing temperature but do change with time. The wettability on a Cu substrate increases in the order Sn9mass%Zn, Sn 3mass%Ag0.5mass%Cu, Sn17mass%Bi0.5mass%Cu, Sn30mass%Bi0.5mass%Cu, as indicated by their contact angles of 115.8, 49.6, 37.6 and 27.1°, respectively, at 523 K. The addition of Bi clearly greatly improves the wettability of the alloys.
Introduction
Wettability is one of the important physicochemical parameters in a wide range of technological applications such as welding, brazing and soldering.
1) The wetting force, spreading area and contact angle are frequently used to evaluate the ability of a liquid to spread on a solid surface, which is referred to as wettability. 2, 3) To investigate the wettability of molten metals, the wetting balance method, the area of spread method and the sessile drop method are often used. 4, 5) For example, the wetting time and wetting force are usually examined by the wetting balance method, the spreading diameter of the molten metal is examined by the area of spread method and the contact angle is examined by the sessile drop method. Owing to its simple operation, the possibility of direct observation, the small weight of sample, the controllable atmosphere and other advantages, the sessile drop method is often utilized to evaluate the wettability of a molten solder alloy on a substrate.
Furthermore, in the electronics industry, the eutectic SnPb solder alloys are gradually being replaced by lead-free solder alloys because of the toxicity of Pb. Thus, lead-free solder alloys with a stable microstructure and mechanical properties comparable to those of eutectic SnPb solder are stimulating immense interest owing to their potential use in microelectronic applications. Table 1 lists the contact angles of several Sn-based alloys on a Cu substrate reported in the Refs. 611). The table shows that lead-free Sn-based alloys always have larger contact angles than the eutectic Sn 40mass%Pb alloy, which means that they have lower wettability with a Cu substrate. With the aim of developing excellent wettable lead-free solder alloys as substitutes for SnPb solder alloys, lead-free Sn-based alloy systems and their compositions have often been varied in previous studies. However, wettability, which is an issue in the reliability of electronic packaging, must also be investigated. The aim of this work is to demonstrate the wettability of Sn9mass%Zn and Sn3mass%Ag0.5mass%Cu eutectic alloys and the novel lead-free alloys Sn17mass%Bi0.5mass%Cu and Sn 30mass%Bi0.5mass%Cu on a Cu substrate. The wetting behavior at their eutectic or liquidus temperature and the relationship between the contact angle and the temperature and time were investigated by the sessile drop method in Ar atmosphere. 
Experimental
The eutectic alloys of SnZn and SnAgCu and hypereutectic alloy of SnBiCu were prepared by melting a mixture of reagent-grade metal powders in a high-frequency induction furnace (50 kHz, 35 kW) in Ar atmosphere. The molten alloys were constantly stirred in a quartz tube long enough to obtain a homogeneous composition before casting into a copper mold. The quenched alloys were cut into cubes, polished sequentially with SiC papers up to abrasive number 2000 and then cleaned ultrasonically in acetone. The chemical compositions of the Sn-based alloys are given in Table 2 . The Cu substrates were cut into platelike pieces of 20 mm © 20 mm © 2 mm, whose chemical composition is shown in The sessile drop measurement equipment mainly consisted of a heating system, a gas system, an imaging system and a calculation system as shown in Fig. 1 . In the heating system, the specimen was heated by SiC heating rods and the temperature was measured by a Pt10%Rh thermocouple with an error range of smaller than 2 K. The gas system was used to control the atmosphere in the furnace. The imaging system included a back light and a high-resolution CCD camera to capture distinct photographs of samples in the furnace. The contact angle was calculated from the image contours of the drop and substrate using the calculation system, and the accuracy of the calculation was estimated to be «0.5%. A more detailed description of the experimental apparatus can be found in the previous works of Yuan et al.
1215)
About 0.9 g of an alloy sample was set on the center of a Cu substrate, and then the substrate was inserted into the hot zone of the heating system and its position was adjusted horizontally. After sealing, the electric resistance furnace was degassed and flushed with Ar gas, which was performed three times. Ar gas then flowed at a rate of 0.2 L/min during the measurement, and the oxygen partial pressure in the atmosphere was considered to be lower than 10 ¹6 Pa. The back light was adjusted to ensure that distinct images were captured.
The rate of temperature increase up to the targeted temperature was 10 K/min. For the eutectic alloys of Sn 9mass%Zn and Sn3mass%Ag0.5mass%Cu, the measuring temperature was first fixed at the eutectic temperature for 30 min, and then increased from 523 to 723 K in intervals of 50 K every 30 min, which was sufficient for the molten alloys to form a stable shape. For the hypereutectic alloys of Sn17mass%Bi0.5mass%Cu and Sn30mass%Bi0.5 mass%Cu, the measuring temperature was first fixed at the liquidus temperature for 30 min and then increased from 523 to 623 K in intervals of 50 K, with each temperature fixed for 30 min.
During the heating process, the alloy melted in situ and formed a liquid droplet. The shape profiles of the molten droplet and the Cu substrate were recorded using the highresolution CCD camera during heating and holding at the above temperatures. The contact angle ª between the molten droplet and substrate, the droplet diameter D and droplet height H were thus calculated from images as shown in Fig. 2 . Figure 3 shows some representative profiles of the eutectic alloy of Sn3mass%Ag0.5mass%Cu at its eutectic temperature and the hypereutectic alloy of Sn30mass%Bi 0.5mass%Cu at its liquidus temperature.
Results and Discussion

Wetting behavior at melting temperature
For the eutectic alloys of Sn9mass%Zn and Sn 3mass%Ag0.5mass%Cu, the sample began to melt when the measuring temperature reached the eutectic temperature, and a droplet of the alloy was formed on the Cu substrate. However, for the hypereutectic alloys of Sn17mass%Bi 0.5mass%Cu and Sn30mass%Bi0.5mass%Cu with a range of melting temperatures, the melting process of the alloy was considerably different from the above description. When the temperature was lower than the eutectic or solidus temperature, the shape of the sample did not change, and when temperature reached the eutectic or solidus temperature, part of the alloy sample began to melt, starting with the part in contact with the Cu substrate. When the temperature reached the liquidus temperature of the alloys, the whole alloy sample melted completely and formed a droplet on the Cu substrate. Figure 4 shows evolution of the contact angle at the eutectic or liquidus temperature of each alloy, except for the Sn9mass%Zn alloy (eutectic temperature: 472 K), which was measured at 523 K. For the eutectic alloys, the contact angle increased sharply when the alloys began to melt, and after that, short-term fluctuations of the contact angle were observed. During the spreading process, times of 100 and 200 s were required for the contact angles of Sn9mass%Sn and Sn3mass%Ag0.5mass%Cu alloys to become stable, respectively. Meanwhile, the droplet diameter D of the molten alloys also increased dramatically and the droplet height H decreased correspondingly. For the SnBiCu alloys, the contact angle increased dramatically in a short time as soon as the sample began to melt, and then it decreased to a constant value. During this period, the wetting behavior reached an equilibrium stage, which lasted for 210 and 1100 s, respectively, for Sn17mass%Bi0.5mass%Cu and Sn30mass%Bi0.5mass%Cu alloys. Then the contact angle suddenly decreased to 41.0 and 39.8°, respectively, and the wetting behavior reached a second equilibrium stage. This spreading behavior could also be observed from the change in the droplet diameter D with time.
The wetting time is defined as the interval between the formation of liquid droplet and the initiation of spreading. The wetting times of 260 and 1130 s, respectively, for Sn 17mass%Bi0.5mass%Cu and Sn30mass%Bi0.5mass%Cu alloys are much longer than that (95 s) of the eutectic alloy of Sn3mass%Ag0.5mass%Cu. The first equilibrium stage of the contact angle observed for the hypereutectic alloys of Sn BiCu was not observed for the eutectic alloys of Sn 9mass%Zn and Sn3mass%Ag0.5mass%Cu. This could be due to the range of the melting temperature of the former. Figure 5 shows the binary phase diagram for the SnBi system without considering Cu. 16, 17) Sn17mass%Bi alloy and Sn30mass%Bi alloy, respectively, marked as dotted and dot-dash lines in this figure, have distinct melting temperature range, that lie between the eutectic or solidus temperature and the liquidus temperature. Table 2 also gives the melting temperature ranges of Sn17mass%Bi0.5mass%Cu and Sn 30mass%Bi0.5mass%Cu alloys. The melting temperature range of Sn30mass%Bi0.5mass%Cu is 18 K larger than that of Sn17mass%Bi0.5mass%Cu, resulting in the Sn 30mass%Bi0.5mass%Cu alloy having a much longer wetting time than the Sn17mass%Bi0.5mass%Cu alloy. Figure 6 shows the relationship between the contact angle and the temperature and time. For the ternary alloys, the contact angle did not decrease linearly and solely with temperature but also changed with time. A sudden decrease in the contact angle was observed for the ternary alloys, for example, 6.6°at 723 K for the Sn3mass%Ag0.5mass%Cu alloy, 6.3°at 623 K for the Sn17mass%Bi0.5mass%Cu alloy and 9.7°at 523 K for the Sn30mass%Bi0.5mass%Cu alloy. However, the contact angle between the Sn9mass%Zn alloy and the Cu substrate did not change with the temperature and time and always remained at approximately 116.4°, showing the poor wettability of the Sn9mass%Zn alloy on a Cu substrate. This poor wettability is ascribed to the easy oxidation of Zn element. The changes in the Gibbs free energy for the oxidation reactions are expressed by eqs. (1) and (2) . p sat SnO is assumed to be equal to p sat O 2 in eq. (1) . Comparing the changes in the Gibbs free energy, Zn is much more easily oxidized than Sn. At the measuring temperature range between 523 and 673 K, the saturated partial pressures of oxygen for SnO(g) and ZnO(s) are from 10 4.06 to 10 4.34 Pa and from 10 ¹57.8 to 10 ¹42.8 Pa, respectively. Under the current experimental conditions, the partial pressure of oxygen is on the order of 10 ¹6 Pa, which is much higher than the saturated partial pressure of oxygen for ZnO(s). In addition, color of the surface of the Sn9mass%Zn alloy changed from luster to dark gray after experiment. Therefore, a thick oxide film of solid ZnO is produced on the surface of the molten Sn9mass%Zn alloy, which prevents the Sn9mass%Zn alloy from significantly spreading on a Cu substrate. 18, 19) Table 4 lists the equilibrium contact angles of the alloys on a Cu substrate at each temperature. Comparing these contact angles, it is clear that the wettability of the ternary alloys is much greater than that of the binary alloy and that the wettability of the SnBiCu alloys is greater than that of the SnAgCu alloy. It is well known that the relationship between the contact angle and surface tension can be expressed by Young's equation, cos ª ¼ ð· SV À · SL Þ=· LV , where · SV is the surface free energy of the solid, · SL is the tension of the solidliquid interface and · LV is the surface tension of the liquid. For a given substrate, the contact angle ª is mainly determined by · LV and · SL . Figure 7 2226) and eqs. (3) to (7) show the changes in the surface tension of Cu, Ag, Zn, Sn and Bi with temperature. The surface tension of the five elements decreases in the order Cu, Ag, Zn, Sn, Bi. Therefore, the surface tension of the ternary alloys decreases in the order Sn3mass%Ag0.5 mass%Cu, Sn17mass%Bi0.5mass%Cu, Sn30mass%Bi 0.5mass%Cu. In addition, because of its lowest surface tension, Bi, which acts as a surfactant, is apt to concentrate at the surface and at the interface between the molten droplet and the substrate. Thus, Bi decreases the surface tension · LV and interfacial tension · SL simultaneously, which greatly decreases the contact angle. Thus, the wettability of the Sn30mass%Bi0.5mass%Cu alloy is superior to that of the Sn17mass%Bi0.5mass%Cu alloy and Sn3mass%Ag 0.5mass%Cu alloy. According to the experimental results and the analysis based on Young's equation, we can reasonably conclude that the addition of Bi element can increase the wettability of alloys on a Cu substrate.
Effect of temperature on contact angle
Conclusions
The wettability of Sn9mass%Zn, Sn3mass%Ag 0.5mass%Cu, Sn17mass%Bi0.5mass%Cu and Sn 30mass%Bi0.5mass%Cu alloys on a Cu substrate was measured by the sessile drop method in Ar atmosphere. At their eutectic or liquidus temperature, the wetting behavior of the SnBiCu alloys exhibited two equilibrium stages, while that of the eutectic alloys did not exhibit the first equilibrium stage. Additionally, the larger melting temperature range of the SnBiCu alloys was found to greatly prolong the wetting time. The contact angle of the ternary alloys decreases with temperature and time, and a rapid decrease was also observed at different temperatures. The SnBiCu alloys were found to have greater wettability than the Sn AgCu alloy, and it was confirmed that the addition of Bi increases the wettability. The binary eutectic alloy of Sn 9mass%Zn has poor wettability on a Cu substrate because Zn is oxidized by the atmosphere, resulting in ZnO covering the surface of the droplet. 
